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Introduction
The physical properties of commercial polymeric sheets are often anisotropic. In the case of paper, the fibers are preferentially aligned in the direction of manufacture (the machine direction of MD), and MD tension is applied to the web during drying. These factors cause the final product to be stronger and more rigid in the MD than in the direction perpendicular to manufacture (the cross direction or CD). Plastic films, extruded under MD tension, are also stiffer and stronger in the MD.
To simplify mathematical analyses of polymeric sheets, it is generally assumed that they exhibit orthotropic symmetry. This means that there are two perpendicular planes of reflectional symmetry. It is usually argued from the symmetries of manufacture that the reflectional symmetry planes are the plane determined by the MD and the thickness direction and the plane determined by the CD and the thickness direction. Sometimes, due to misalignment of a head box in paper manufacture or to off-axis tension in plastic film extrusion, the direction of greatest strength and stiffness is not along the MD. Nonetheless, it is still assumed that the principal axes of stiffness (wherever they may be) determine planes of orthotropic symmetry.
Under the orthotropic assumption, the elastic shear coupling coefficients are zero, when measured along a principal axis. This means that normal stresses along a principal axis do not produce shear strains and vice versa. The technique described below allows one to calculate the shear coupling coefficients and to test the orthotropic assumption. Results will be discussed for a polyester sheet and a polypropylene sheet. It will be argued that within the sensitivity of the measurement the polypropylene sheet is orthotropic. The polyester sheet, however, will be shown to have shear coupling coefficients significantly different from zero along its principal axes, and it will thereby be deemed nonorthotropic. For the sake of increasing the confidence of the author and the reader, it will also be demonstrated, by testing polyester laminates, that the determinations are self-consistent.
Background
In the body of this paper, the time-of-flight velocity of in-plane ultrasonic waves in thin sheets will be discussed. A sheet can be considered thin if its thickness is much smaller than the acoustic wavelength. At the frequency of operation (about 80 kHz) wavelengths in polymers are over a centimeter, and this is a valid hypothesis for thin sheets. When the surfaces of a thin sheet are unconstrained (as will be the case), it is appropriate to assume that the sheet is in a state of plane stress and that there is no thickness direction variability in strain. For plane stress deformations the in-plane engineering strains, i (i = 1,2,6), are related to the in-plane stresses, oi, through the planar elastic stiffnesses, Qij, as in Eq. (1).1 ai = Ql + Q 1 2 e2 + Q 1 6 £6 a2 = Q 1 2 El + Q22 e2 + Q26 e6
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The reader should be aware that Qij's differ slightly from the in-plane portion of the bulk stiffnesses, Cij's, which relate in-plane stresses and strains when there is zero out-of-plane strain (rather than zero out-of-plane stress). In the description of acoustic wave propagation, it is convenient to introduce the mass specific planar stiffnesses, qij, where qij = Qij/density (i,j = 1,2,6).
The shear coupling coefficients, Q16 and Q26, in Eq. (1) are zero for orthotropic sheets when the 1 and 2 axes determine the planes of orthotropic symmetry. They are not in general zero off-axis in orthotropic sheets [Tsai and Hahn (1980) ], or along any axis in nonorthotropic sheets.
It is straightforward to demonstrate [as Musgrave (1954) does in the analogous case of bulk stiffnesses] that the phase velocities, Vp, for plane harmonic waves in thin anisotropic plates are
where A and B are defined in terms of the qij's and the angle, 0, of propagation of the plane wave with respect to the 1 axis as in Eq. (3) and (4). A = cos20qll + sin 2 0q22 + q 6 6 + 2cos0sin0(q 1 6 + q 2 6 ) 
The plus sign in Eq. (2) pertains to the phase velocity of the quasi-longitudinal mode, while the minus sign corresponds to the velocity of the slower traveling quasi-transverse mode [Musgrave (1954) ].
From Eq. (2)- (4) it is clear that the phase velocity as a function of angle of propagation depends on all five independent planar stiffnesses. The planar stiffnesses could be determined by measuring the phase velocity of plane waves in many directions and adjusting the values of the qij's to get a best fit of Eq.
(2) to the experimental results. However, plane wave propagation can be experimentally approximated only if the lateral extent of the transducers is much greater than the transducer separation. Transducers of these dimensions are not practical for testing polymeric sheets. In fact, the better approach is to employ transducers which can be modeled as point sources, since their contact dimensions are much less than the transducer separation. Musgrave (1954) has demonstrated that in anisotropic materials the phase velocities measured between point transducers is different from the phase velocity of plane waves as described by Eq. (2).
Musgrave calls the phase velocity, Vi, between point sources the velocity of information propagation, and he shows that there is a one to one graphical relationship between polar plots of V i as a function of 0 and polar plots of Vp as a function of 0. This is: a line drawn through a point on the plane wave polar plot perpendicular to the radial direction will be tangent to the information propagation polar plot. Using Musgrave's graphical construction, it is feasible to first experimentally generate the information propagation polar plot, to construct the plane wave polar plot, and to then find the qij's that produce a best fit to the plane wave polar plot. This is the basic approach adopted in the analysis described below.
Experiment
The velocity measurements were performed with a robotic, in-plane, ultrasonic tester developed at The Institute of Paper Chemistry [Van Zummeren, Young, Habeger, Baum, and Treleven (1987); Habeger, Van Zummeren, Wink, Pankonin, and Goodlin (1989) ]. This is comprised of a commercial laboratory robot (Mitsubishi RM 501), a specially designed end effector, and some external electronic instrumentation. The end effector mounts to the end of the robot arm and houses two specially-designed, miniature, bimorph transducers [Habeger, Van Zummeren, Wink, Pankonin, and Goodlin (1989) ].
There are double-action air cylinders, as part of the end effector, which can rotate each transducer 90 about its axis. It is easily shown [Tsai and Hahn (1980) ] that the derivatives of the stiffnesses with respect to orientation are as follows: dqll/dO = -4q 1 6 , dq 2 2 /d0 = 4 q 2 6 d 1 6 /dO = qll-2q66-q2
and dq 2 6 /dO = -q 2 2 + 2 q 6 6 + q 1 2 . Notice that q 1 6 is zero when qll is an extremum -9-and that q 2 6 is zero when q 2 2 is an extremum. If a material is orthotropic, q 1 6 and q 2 6 are zero and ql1 and q 2 2 are extrema along the principal axes. If a material is not orthotropic, q 1 6 and q 2 6 are not zero at the same angle, the extrema of qll and q 2 2 do not coincide, and the extrema of qll and q 2 2 are not separated by 90°. The nonorthotropic angle, 0, is defined as the angular separation between the null values of q 2 6 and q 1 6 . This, of course, also equals the angle between an extremum in q22 and an extremum in qll. When I is small (ignoring derivatives of second order and higher in q 16 and q 2 6), the nonorthotropic angle is
The nonorthotropic angle is a coordinate independent parameter which is directly related to the prominent behavioral peculiarities of nonorthotropic sheets. Therefore, it will be used as the principle measure of nonorthotropic response, and relatively large values of $ [printed out according to Eq. (5) as in Fig. 3 ] are taken to mean that the orthotropic assumption is inappropriate for the sample in question.
Single Sheet Results
Pertinent values (with one standard deviation uncertainties) for a 75 um thick polypropylene sheet and a 135 um thick polyester sheet are listed in Table   1 . The values of q16 and q26 are measured relative to the principal axes of the moment of inertia of the plane wave velocity squared polar plot. The symbol E o represents the average relative error using the orthotropic assumption, and EN is the error when q 1 6 and q 2 6 are allowed to vary. Table 1 here Each number reported in Table 1 is the' average of eight different runs (the product of 2304 velocity measurements). The region of the sheet sampled at each angle is slightly different, and, on a single run, variations over the sample can lead to artifacts in the polar plots. This complication was addressed by rotating the sample 90°between runs and doing 50% of the runs on each side of the sample. In theory, turning a sheet over inverts q 1 6 and q 2 6 . This phenomenon was observed experimentally, and it is presented as evidence for selfconsistency of the experiments. The results in Table 1 are taken relative to one side of the sample which was arbitrarily designated as the top.
The two plastic sheets are representative'of orthotropic and nonorthotropic behavior. For the polypropylene sheet, the shear coupling coefficients and the nonorthotropic angle are extremely small and not significantly different from zero at a reasonable confidence level. Also, the fit of theory to experiment is little improved by adjusting q16 and q 26 . The converse of all these observations are true for the polyester. The polyester sample is also interesting in that the axis of maximum stiffness deviates over 30°from the MD. The third page report for one of the polyester runs is included as Fig. 4 . Notice that the nonorthotropic behavior is manifest in a slight asymmetry of the'polar plot relative to the principal axes. The reported shear coupling coefficients (even those of the polyester) are admittedly small, and it is legitimate to question their significance. Further demonstrations that they are not artifacts of the experiment are necessary before they can be taken seriously. An ideal approach would be to test sheets I with independently determined shear coupling coefficients. However, to theauthor's knowledge, there is no comparable method for measuring shear coupling coefficients in sheets.
Measurements on laminates was the method adopted here, to inspect the foundations of the technique. The laminates were made by bonding together plastic sheets whose general elastic constants had been measured. The effective stiffnesses of the laminates was calculated from the stiffnesses of their layers and compared to the values measured on the laminates. This approach can work only if the layers are well-bonded, with a very thin layer of adhesive. After considerabletrial and error, a method was found which was successful with the polyester sheets, only. Polyester sheets were placed in contact, with a small amount of Locktite 447 "surface insensitive instant adhesive" applied inside, along one edge. This edge and the two adjacent edges were taped to keep the adhesive from escaping. The laminate was then turned through the nip of a heavily-loaded, rubber-rolled wringer. Then the laminate was sandwiched between flat metal plates, and the adhesive was allowed to cure for one day. The suitability of the lamination process was verified by making two ply laminates of polyester sheets. If the bonding was satisfactory, the qij's of the laminate would equal those of the plies. Within one standard deviation, this was the case for all of the stiffnesses (including q16 and q 26 ).
The theoretical relationships between the elastic properties of the laminate and those of the plies are simple. Since the wavelength is large compared to the laminate thickness, the assumption of plane stress remains valid.
Therefore, the effective elastic properties of the laminate are the average of, the plies [Tsai and Hahn (1980) ], and, as all plies have the same density, the qij's are merely the average of the layers. To predict the laminate stiffnesses, the ply stiffnesses are rotated to the axis of interest and averaged.
Four different laminates were fabricated from polyester sheets, taken from the same roll as that in Table 1 and tested. Two were "flip" laminates, and two were "rotation" laminates. An "off-axis flip laminate" was made by rotating one sheet 180°about the MD axis and bonding it to a similar sheet. The major principal axes were about 33°from the MD, making the principal axis of the plies about 66°apart. An "on-axis flip laminate" was also constructed. This time one sheet was rotated about a principal axis, and the principal axes of the plies were aligned. The plies of each laminate were chosen to have almost equal stiffnesses. Since flipping a sheet inverts its shear coupling coefficients and since the laminate stiffnesses are the average of the plies, the laminates approximate orthotropic behavior better than the plies. The on-axis flip laminate has roughly the same MD to CD stiffness ratio as the plies, while the offaxis laminate is a squarer sheet. The results for the flip laminates are presented in Table 2 . Table 2 here In Table 2 , the symbol, a, represents the angle between the rotation axis and the major principal axis of moment of inertia of the plane wave velocity squared polar plot. The a for the laminate is that determined by the measurements on the laminate, and the experimental stiffnesses are relative to that axis.
The agreement between experimental flip laminate stiffnesses and those calculated from the ply stiffnesses is impressive. Note particularly that, as predicted, very small shear coupling coefficients and 0 values were measured for the laminate.
A "two-ply rotation laminate" and a "three-ply rotation laminate" were also fabricated. The major principal axes of the layers in the two-ply sheet are at 90°. This produces a sheet with a decreased nonorthotropic angle and nearly cubic symmetry. The principal axes of the middle ply of the three-ply laminate is rotated 90°from those on the outside. This sheet should be squarer than a single ply, and it should have an even larger nonorthotropic angle. The results are in Table 3 . Table 3 here
The two-ply laminate in Table 3 is a very square sheet, and the determination of the principal axes is unstable. Therefore, there was much variability in the orientation of these axes as determined by the computer program. To get the results on a common basis, the stiffnesses from each run were rotated to the theoretical principal axis and averaged at that angle. The value of the principal axis listed in Table 3 
Conclusions
It has been demonstrated that by using an automated ultrasonic apparatus it is possible to perform the large number of measurements necessary to make repeatable determinations of all the in-plane elastic stiffnesses (including the shear coupling coefficients) of a polymeric sheet. The results are shown to be consistent in that they yield the expected output when laminates are tested.
To the author's knowledge, this is the first instrument developed to routinely measure the shear coupling coefficients on sheets. 
